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Morphometry of the renal corpuscle during postnatal growth
and compensatory hypertrophy. Morphometry was used to mea-
sure the growth changes in renal corpuscle and glomerular size
and composition in outer, middle, and inner cortical layers dur-
ing postnatal development in normal and mononephrectomized
rats. Glomerular growth was 4.16-fold in normal rats and 6.12-
fold after nephrectomy. The cell populations in glomeruli
showed distinctly different growth patterns. Cellular hyper-
trophy and hyperplasia during normal growth were 2.72 and 1.52
for epithelial cells, 0.93 and 3.70 for endothelial cells, and 1.28
and 2.65 for mesangial cells; corresponding values during stimu-
lated growth were 2.75 and 1.92, 1.19 and 4.11, and 1.65 and
3.09. A linear transcortical gradient of corpuscle diameters was
found in young animals and normal adults, with the mean volume
ofjuxtamedullary renal corpuscles two times greater than that of
subcapsular corpuscles in all animal groups. Despite their size
variation, a striking transcortical uniformity was evident in the
composition of glomeruli in each group with respect to the vol-
ume fractions and mean cell volume in each cell population, the
volume and surface density of basement membrane, the volume
and length density of capillary loops, the volume fraction of
mesangial matrix, and the division of basement membrane into
peripheral and axial portions.
Morphométrie du corpuscule renal au cours de Ia croissance
post-natale et de l'hypertrophie compensatrice. La morphométrie
a été utilisée pour mesurer les modifications liées a Ia croissance
du corpusdule renal de Ia taille et de Ia composition du glomérule
dans les couches corticales superficielles, moyennes, et pro-
fondes au coors du dCveloppement post natal chez des rats in-
tacts et uninéphreetomisés. La croissance glomérulaire a été de
4,16 fois chezles rats intacts et de 6,12 fois après néphrectomie.
Les populations cellulaires dans le glomerule ont eu des modali-
tés de croissance différentes. L'hypertrophie et l'hyperplasie
cellulaires au cours de Ia croissance normale ont été de 2,72 et
1,52 pour les cellules épithéliales, de 0,93 et 3,70 pour les cellules
endothéliales, de 1,28 et 2,65 pour les cellules mésangiales. Les
valeurs correspondantes au coors de Ia croissance stimulée oft
été de 2,75 Ct 1,92; 1,19 et 4,11; et 1,65 et 3,09. Un gradient
transcortical linéaire de diamètres corpusculaires a été observ
chez les animaux jeunes et les adultes normaux, avec un volume
moyen des corpuscules rénauxjuxta-médullaires double de celui
des corpuscules soils capsulaires dans toils les groupes
d'animaux. Malgré les differences de taille, une uniformité re-
Received for publication April 17, 1979
and in revised form August 20, 1979
0085-2538/80/0017-0438 $03.40
© 1980 by the International Society of Nephrology
438
marquable a travers Ic cortex a été observée dans Ia composition
des glomérules dans chaque groupe en ce qui concerne Ia frac-
tion du volume total et le volume moyen de chaque population de
cellules, le volume et Ia densité rapportée a Ia surface des mem-
branes basales, le volume et Ia densité rapportée a Ia longueur
des anses capillaires, Ia fraction du volume total occupée par Ia
matrice mesangiale, et Ia division de Ia membrane basale en por-
tions périphérique et axiale.
Light microscopic morphometry demonstrates a
greater than two-fold difference in the mean vol-
umes of subcapsular and juxtamedullary renal cor-
puscles, their glomeruli, and their component struc-
tures. This difference persists during the 4.6-fold
normal kidney growth in young rats and the 7.1-fold
growth induced by contralateral nephrectomy [1].
Also, both the GFR and the tubular reabsorption
increase during normal and hypertrophic growth,
maintaining the glomerulotubular balance [2—6]. But
the limited resolution of the light microscope per-
mits only an approximate evaluation of attenuated
structures and spaces within glomeruli, particularly
the components comprising and surrounding the fil-
tration membrane [1]. Furthermore, hypertrophic
and hyperplastic adaptions of the cellular popu-
lations in glomeruli can only be estimated semi-
quantitatively. The present study is a more detailed
reexamination of this experimental system and uses
a combined light and electron microscopy to obtain
a definitive description of corpuscular hetero-
geneity and growth in the renal cortex of the rat. To
achieve more nearly absolute measurements, we
apply appropriate correction factors to compensate
for the effects of section compression [7, 8] and sec-
tion thickness [8—10]. We measure cellular changes
in glomeruli by determining mean cell volumes and
cell numbers [8, 11, 12]. Because of the large varia-
tion in functional [13, 14] and morphologic [1] prop-
erties between glomeruli located in the inner and
outer layers, we also include an evaluation of the
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larger midcortical population of corpuscles. These
data are relevant to defining the linearity of the
transcortical gradient and also to characterizing
morphometrically the average renal corpuscle,
whose properties correspond to functional parame-
ters measured in the intact kidney.
Methods
The preparation of right renal cortical samples
from groups of young, adult, and mono-
nephrectomized adult male Wistar strain rats has
been described elsewhere [1]. Briefly, the left kid-
ney was removed from 4 of 12 young rats, each
weighing 35 to 45 g, and a sham operation was per-
formed on 4 others. The remaining 4 rats were killed
immediately; the operated rats, 35 days later. The
right kidney of each rat was fixed in situ by per-
fusion with a formaldehyde-glutaraldehyde mixture
and cut into 1-mm wide slices perpendicular to the
long axis, which were then cut radially to obtain 20
to 25 tissue blocks that extended through the cortex
and outer medulla. After postfixing these blocks
with osmium oxide and embedding in Araldite®, 10
were chosen at random from each rat for morpho-
metric analysis by low-power light microscopy, and
5 of these were used for morphometry by high-pow-
er light microscopy and electron microscopy.
A semithin section approximately 0.5-p.m thick
was cut from the face of each block perpendicular
to the long axis of the kidney and stained with
methylene blue and safranin-O [8]. Photomicro-
graphs prepared from each of these sections at a
print magnification of x 120 showed an annular seg-
ment of cortex bounded by the renal capsule, two
radial cuts, and the medulla. The cortical area was
measured by point counting with a square grid cali-
brated to represent a section area of 0.0265 mm2 per
point. The number of renal corpuscle profiles was
counted in each of these samples and assigned to
three classes dependent on their location within the
cortex: subcapsular (SC), those in the uppermost
layer of the cortex; juxtamedullary (JM), those lo-
cated below the arcuate vessels; and midcortical
(MC), all other corpuscles. Because these regions
are not separated by distinct boundaries, no attempt
was made to determine the local concentration of
each class of corpuscle profiles.
A random sampling of section planes through re-
nal corpuscles in the MC region was obtained by
examining seven to eight successively encountered
corpuscle profiles in each of the 40 cortical blocks
from each rat group using a X 770 magnification on
the screen of a Reichert Visopan microscope. The
geometric mean internal diameter of Bowman's
capsule was determined for each corpuscle profile
in these three composite samples, each profile num-
bering 75 independent pairs of maximum and mini-
mum diameter measurements per rat. The volume
fractions of the glomerular tuft and Bowman's
space were also measured in each of these cor-
puscle profiles with the aid of a superimposed 10 x
10-cm morphometric grid of 100 sampling points.
Bowman's space was divided into two com-
partments: the fraction located external to the outer
contour of the glomerular tuft and that visible by
light microscopy inside the glomerular structure.
The distributions of the profile diameters from the
renal corpuscles were used to reconstruct the real
distributions of corpuscle diameters and their mean
volumes in the MC region of each rat. The average
volumes of Bowman's space and of the glomerular
tuft in MC corpuscles were then estimated from
their respective volume fractions. Details of this
method and comparable results from the popu-
lations of SC and JM corpuscles have been pub-
lished [1].
Three similarly stained transcortical sections
from each of five tissue blocks from each rat were
prepared with thickness settings of 0.5, 2.0, and 4.0
m on a Reichert OmU-2 ultramicrotome. These
sections were used to determine the counts of the
numbers of epithelial, endothelial, and mesangial
cell nuclei per unit area in the SC, MC, and JM sub-
sets of glomerular profiles. Nuclear counting was
done at a light microscopic magnification of X2000,
with an ocular reticle (#105844, Wild Heerbrugg In-
struments, Inc., Farmingdale, New York), to define
square field areas of 2209 jsm2 wholly within the
contour of glomerular tuft structure. As much as
possible, these fields were selected to include a rep-
resentative sampling of the peripheral as well as the
central regions of the glomeruli. Because the con-
centration of nuclei decreases with age, 6 to 9 dif-
ferent glomeruli were counted in each section from
the group of young rats; and 15 to 20, from the older
groups. For all cortical regions and all section thick-
nesses, nuclear counts were collected from 396
fields in young rats, 876 fields in adult control rats,
and 1152 fields in mononephrectomized adult rats.
Each of the same five tissue blocks per animal
were then trimmed for thin sectioning to include the
area of only a single renal corpuscle, having ob-
tained approximately six corpuscles from each re-
gion of the cortex from each group of animals.
Morphometric sampling by electron microscopy
consisted of four to five micrographs of each gb-
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merular tuft taken at X3000 and printed at exactly tion, NAP, were corrected to obtain their real values
x9000, as calibrated with a diffraction grating replica in the absence of compression, NA
standard (E. F. Fullam, Inc., Schenectady, New
York). A 16.8 x 22.8-cm grid containing 266 sam- N = N F 3)A A'
pling points and a 319.2-cm sampling line were su- Compression correction of the morphometrically
perimposed on each print. The volume fractions of determined surface density, S'V, of randomly on-
each cellular population and its nuclei, capillary lu- ented glomerular basement membrane is described
men, mesangial matrix, basement membrane, and by the expression [7, 8]
Bowman's space were determined by the fraction of
sampling points overlying each of these corn- FS = S'
ponents. Separate counts were maintained for \/ (1 + F2)/2 (4)
points overlying the attenuated cytoplasmic areas
of epithelial cell foot processes and the lamina fe-
nestrata of endothehal cells. The surface density of
basement membrane, subdivided into peripheral
and axial portions, was measured by the frequency
Linear dimensions measured in random orienta-
tions in compressed sections yield an under-
estimated mean value, d', for which the compres-
sion-corrected value d is given by
of profile intersections with the sampling line [15,
16]. Finally, the numbers of capillary profiles and of
nuclei in each cell population were counted in each
micrograph. The sampling of six corpuscles from
2d' 5
F2 1 + — F21 +
— F 2
in FC
each cortical layer was used to examine the possi- The ratio d'/d is equal to the mean diameter of the
bility of structural variation in glomerular composi- ellipse produced by compression of a unit diameter
tion among these regions. When no statistically sig- circle. A simpler expression was used for correction
nificant differences were found (see Results) the of the mean renal corpuscle diameter, D'RC, be-
data from each region in each rat were pooled to cause individual minimum diameter measurements
give a total sample size of 18 corpuscles measured were taken in the direction of compression
in each group of animals.
.
Morphonietric computations and correction fac-
n /J-'RCJ'RC/V'c ()
tors. Stereologic results derived from tissue sec- Although estimations of the volume fractions of
tions can be misleading unless appropriate correc- tissue components are generally unaffected by corn-
tions are introduced for the effects of compression pression artifact, significant errors may result from
artifact and the finite thickness of specimens pro- the random oblique orientation of attenuated struc-
duced by microtomy. A compression factor, F = I'! tures whose thickness, T, is less than several times
I, was determined by measuring the lengths of sec- the real section thickness, t' [9, 10]. In the present
tions, 1', and that of the original block face, 1, in study, for example, this effect leads to a substantial
each of five successive cuts from four different overestimation of the volume fraction, V'7, of the
blocks at the four nominal section thicknesses rang- lamina fenestrata of endothelial cells and of the epi-
ing from 60 nm to 4.0 m. The real thicknesses, t', thelial cell foot processes, and a consequent under-
of sections produced in this range of microtome set- estimation of adjacent areas of lower density. The
tings were measured electron microscopically from corrected volume fraction measurement, V, for
a similar sampling of sections that were reem- these cellular structures is given by the relationship
bedded and thin sectioned in a perpendicular plane [9, 10]:
[8]. Volume conservation during microtomy of plas-
tic blocks implies that the thickness of uncom- (7)
pressed sections, t, would be
— 'Ft t C ' ' The mean thicknesses of the lamina fenestrata,podocyte pedicels, and the basement membrane
As a result of compression artifact, a measured were estimated from measurements of 12 well-on-
area of tissue, A', includes structures from a larger ented profiles in electron micrographs of glomeruli
area, A, of uncompressed tissue from each cortical region of each animal and cor-
A = A'/F (2)C rected for compression according to Equation 5.One-halfof the computed volume overestimation of
Thus, measured profile counts per unit area of sec- the lamina fenestrata was assigned to the volume of
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Table la. Section thickness and compression corrections: Microtomy artifacts°
Nominal Measured Uncompressed
section section section
thickness Compression thickness (t') thickness (t)
pin factor (Fe) wn /1/n
<0.06 0.905 0.012 0.046 0.002 0.042 0.002
0.5 0.925 0.005 0.63 0.04 0.58 0.04
2.0 0.976 0.009 2.54 0.04 2.48 0.05
4.0 0.974 0.006 5.15 0.05 5.02 0.06
Values represent the means 5EM.
Table lb. Section thickness and compression corrections: Volume overestimation of cell processes (section thickness, t' = 46 nm)
peripheral basement membrane; and the remainder,
to the capillary lumen. The assigned distribution of
overestimated pedicel volume, based on a rough
evaluation of the fraction of pedicel surface bound-
ed by different compartments, was 10% to the base-
ment membrane and 90% to Bowman's space.
The mean cell volumes and numbers of glomeru-
lar endothelial, epithelial, and mesangial cells have
been determined by a recently described method
[12] based on the increasing numbers of visible nu-
clear profiles per unit area of cell profile, N(n)A(C,, as
a function of uncompressed section thickness, t
t = V(c)N(n) — (D — 2p) (8)
From this equation it is seen that a plot of t versus
N(n)A(C) has a linear slope equal to V(c), the average
cell volume in a mononucleate population. The neg-
ative t-intercept, D — 2p, shows the mean caliper
diameter of the nuclei, D, minus a correction fac-
tor involving the height, p, of undetectably thin tan-
gential profiles.
All morphometric measurements were corrected
for compression and thickness effects and were
computed for each rat individually. Tables show the
mean value per group SEM (N = 4 rats). Statisti-
cal treatment of absolute quantities, derived from
the products of the above relative values and the
measured volumes of renal corpuscles, glomeruli,
or cells, included the variance of both variables
[11]. Statistical significance was determined by Stu-
dent's t test.
Results
As described in the first part of this study [1], the
mean right kidney weight in the group of young rats
was 0.410 0.003 g, and it increased in the sham-
operated and mononephrectomized animals 35days
later to 1.90 0.13 and 2.90 0.07 g, respectively.
Additional tissue samples were examined light mi-
croscopically in sections of multiple thicknesses to
determine mean cell numbers and volumes and
electron microscopically to measure more precisely
the attenuated spaces and cell processes within
glomeruli. Table 1 shows the thicknesses of tissue
sections used, the magnitudes of compression arti-
fact, and the correction factors used to compensate
for substantial morphometric overestimation of the
volume fractions of the lamina fenestrata and epi-
thelial cell foot processes. The latter factors are av-
erages derived from data collected equally among
glomeruli in the subcapsular (SC), midcortical
(MC), and juxtamedullary (JM) regions of the cor-
Measured
Tissue
thickness (T)b
n,n
Correction
factor (VvIVv)e
Percent
overestimation
Lamina fenestrata
Young 59.99 0.67 0.672 49
Adult 64.02 0.69 0.686 46
Mononephrectomized 64.90 0.63 0.689 45
Foot processes
Young 113.0 1.6 0.794 26
Adult 124.6 1.4 0.810 23
Mononephrectomized 116.2 1.3 0.799 25
a Values represent the means SEM.
There were 144 measurements. The means were corrected for
These values were derived by Equation 7.
compression by Equation 5.
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Table2. Relative amounts of glomerular and cellular components in young ratsa
SC MC JM
Volume percent of glomerulus
Epithelial cells 33.04 0.95 30.80 1.41 31.04 1.52
Endothelial cells 15.55 0.86 14.28 0.81 14.18 0.38
Mesangial cells 15.64 0.53 18.81 0.45e 16.24 0.75"
Mesangial matrix 2.74 0.40 2.99 0.26 3.03 0.44
Capillary lumen 27.32 1.41 27.30 0.76 29.67 1.01
Basement membrane 5.71 0.23 5.82 0.25 5.84 0.56
Surface density of basement membrane, mm 2/mm3
Total 388 21 354 17 342 15
Peripheral 269 19 194 l0 204 7c
Axial 119 II 160 9c 138 18
Length density of capillaries, rn/mm3 23.00 0.72 18.80 1.40 19.82 0.94
Transverse areaof capillary lumen, m2 11.88 0.67 14.52 1.39 14.97 0.36cr
Volume percent of epithelial cells
Nucleus 17.4 1.0 16.2 1.1 21.3 0.9"
cytoplasm 58.4 1.1 53.7 2.1 56,3 1.1
Footprocesses 24.2 0.2 30.1 1.4 22.4 1.6"
Volume percent of endothelial cells
Nucleus 45.1 1.8 42.2 2.3 43.7 1.8
Cytoplasm 42.6 0.6 52.1 2.5c 51.2 l.4c
Laminafenestrata 12.3 1.2 5.7 0.7c 5.1 0.7c
Volume percent of mesangial cells
Nucleus 32.6 3.1 38.6 1.5 35.2 2.1
Cytoplasm 67.4 3.1 61.4 1.5 64.8 2.1
Values represent means SEM.
b Abbreviations are SC, subcapsular; MC, mid-cortical; and JM, juxtamedullary regions of the renal cortex.
Statistically significantly different (P < 0.05) from the SC region
" Statistically significantly different (P < 0.05) from the MC region.
tex. Although their variation was not significant, re-
gional correction factors were applied in the compu-
tation of regional results.
Tables 2 to 4 present the results of electron mi-
croscopic morphometry of glomerular and cellular
components in the three regions of the renal cortex
in young, adult, and mononephrectomized rats, re-
spectively. These tables show that relative mea-
surements, that is, amounts per unit volume, are re-
markably consistent from region to region in each
group of animals. Statistical comparisons in the
adult groups showed only 7 significant differences
(P <0.05) among 114 tests (Tables 3 and 4), a result
not unexpected by chance alone. The somewhat
higher rate in young animals (Table 2), 13 significant
differences out of 57 tests, suggests the possibility
of some growth gradients within the cortex. Be-
cause of the general similarity of regional values
found in each table, we computed the relative con-
stituent structures in average glomeruli in the three
groups of animals (Table 5)by using zonal glomeru-
lar volumes derived from the data in Tables 10 and
12 as appropriate weighting factors.
Table 5 shows that the mean composition of
glomeruli in adult sham-operated and mono-
nephrectomized rats was significantly different from
that in young animals for most of the measured
characteristics. There were practically no signifi-
cant differences between the two adult groups. In
adults, the volume percent of each cell population
was reduced consequent to the relative enlargement
of capillary lumen and mesangial matrix com-
partments. In each of the three glomerular cell
types, there was also a marked reduction of the nu-
clear:cytoplasmic ratio, suggesting that the phe-
nomenon of cellular hypertrophy is a significant
component in both normal and induced glomerular
growth.
To investigate the magnitudes of cellular hyper-
trophy more exactly, we measured the mean cell
volumes of epithelial, endothelial, and mesangial
cells from nuclear counts collected at different
known section thicknesses (Tables 6 to 8). The total
numbers of nuclear profiles counted and the result-
ing linear regression lines, whose slopes are equal
to the corresponding mean cell volumes listed in the
tables, are shown in Fig. 1. The mean nuclear diam-
eter, D, was determined from the thickness inter-
cept, D — 2p, corrected by the nuclear profile den-
sity counted in low-power electron micrographs.
These graphs and the overall mean values for each
cell type and animal group were derived in every
case by pooling regionally differentiated nuclear-
counting data. This was done because there were no
statistically significant differences among any of the
mean cell volumes computed independently for
each cortical region (last sections of Tables 6 to 8).
These tables and Fig. 1 illustrate the method for
Morphometry of renal corpuscles 443
Table 3. Relative amounts of glomerular and cellular components in adult ratsa
SC MC JM
Volume percent of glomerulus
Epithelial cells 27.78 0.96 33.14 2.46 28.49 1.12
Endothelial cells 11.67 0.46 11.82 0.89 12.80 1.10
Mesangial cells 14.97 1.28 13.66 0.82 15.65 1.91
Mesangial matrix 4.05 0.50 3.96 0.69 3.88 0.45
Capillary lumen 36.42 0.80 32.56 1.96 34.54 1.28
Basement membrane 5.11 0.60 4.86 0.12 4.64 0.79
Surface density of basement membrane, mm2/rnrn3
Total 332 5 290 lob 312 17
Peripheral 205 4 192 9 204 16
Axial 127 8 98 4' 108 11
Length density ofcapillaries, rn/mm3 13.50 0.92 15.86 0.76 15.76 0.88
Transverse areaof capillary lumen, ton2 26.96 1.83 20.54 1.79 21.92 1.71
Volume percent of epithelial cells
Nucleus 9.4 1.5 11.5 2.2 7.4 1.6
Cytoplasm 55.0 0.7 58.5 0.8' 59.3 2.7
Footprocesses 35.6 1.9 30.0 2.9 33.3 1.6
Volume percent of endothelial cells
Nucleus 35.1 5.1 36.1 2.3 32.8 3.2
Cytoplasm 52.1 4.9 55.7 2.0 61.2 1.9
Laminafenestrata 12.8 1.3 8.2 Ø•75 6.0 1•7b
Volume percent of mesangial cells
Nucleus 29.0 2.6 21.8 3.6 22.1 4.9
Cytoplasm 71.0 2.6 78.2 3.6 77.9 4.9
a Values represent the means SEM. Abbreviations are defined in Table 2.
b Statistically significantly different (P < 0.05) from the SC region.
Table 4. Relative amounts of glomerular and cellular components in mononephrectomized ratsa
SC MC JM
Volume percent of glomerulus
Epithelial cells 28.29 1.08 26.36 1.31 27.24 0.61
Endothelial cells 10.04 0.77 12.95 0.72 9.95 0.48c
Mesangial cells 15.05 1.02 14.32 1.21 15.17 0.62
Mesangial matrix 5.67 0.99 4.98 0.52 5.76 1.01
Capillary lumen 37.02 0.95 36.19 1.26 37.87 0.62
Basement membrane 3.93 0.42 5.20 0.35 4.01 0.36
Surface density of basement membrane, mm2/mm3
Total 289 29 289 21 275 14
Peripheral 178 4 185 11 170 16
Axial 111 26 104 10 105 8
Lengthdensityofcapillaries,rn/mm3 13.68 1.40 16.98 2.34 12.34 1.32
Transverse area of capillary lumen, Jun2 27.05 3.80 21.32 3.89 30.68 3.40
Volume percent of epithelial cells
Nucleus 10.3 3.4 10.1 1.7 10.6 2.9
Cytoplasm 59.1 2.7 58.2 1.2 60.7 2.8
Footprocesses 30.6 1.6 31.7 2.4 28.7 2.4
Volume percent of endothelial cells
Nucleus 35.3 2.2 39.2 3.8 30.4 2.7
Cytoplasm 54.5 1.9 54.7 3.4 60.9 3.3
Laminafenestrata 10.2 0.7 6.1 1.1" 8.7 1.1
Volume percent of mesangial cells
Nucleus 18.8 0.8 22.3 4.5 25.5 3.9
Cytoplasm 81.2 0.8 77.7 4.5 74.5 3.9
a Values represent the means SEM. Abbreviations are defined in Table 2.
b Statistically significantly different (P < 0.05) from the SC region.
Statistically significantly different (P < 0.05) from the MC region.
determining mean cell volumes and demonstrate the
essential linearity of nuclear profile density as a
function of section thickness. Because the data
from all animals in each group were combined,
however, the standard error of the slope (mean cell
volume) is not representative of the biologic varia-
tion among animals. Therefore, using the more lim-
ited data from each cortical region in each animal,
we followed the same procedure to obtain the mean
cell volumes in each group (Table 9) where the stan-
444 Olivetti et al
Table 5. Mean relative amounts of glomerular and cellular components in young, adult, and mononephrectomized ratsa
Young Adult F" Mononephrectomized "
Volume percent of glomerulus
Epithelial cells 31.38 0.88 30.97 1.43 <0.9 26.93 0.81 <0.02
Endothelial cells 14.56 0.51 12.00 0.57 <0.05 11.71 0.46 <0.02
Mesangial cells 17.55 0.32 14.38 0.68 <0.02 14.65 0.74 <0.025
Mesangial matrix 2.94 0.20 3.96 0.42 <0.2 5.29 0.42 <0.005
Capillary lumen 27.76 0.58 33.83 1.16 <0.01 36.73 0.77 <0.0001
Basement membrane 5.80 0.19 4.87 0.23 <0.05 4.69 0.23 <0.02
Surface density of basement membrane, rnrn2/rnrn3
Total 360 11 304 7 <0.01 286 14 <0.02
Peripheral 214 7 197 6 <0.2 180 7 <0.025
Axial 146 7 106 4 <0.01 106 8 <0.02
Length density of capillaries, rn/mm3 20.01 0.83 15.33 0.51 <0.01 15.29 1.42 <0.05
Transverse area of capillary lumen, pm2 13.97 0.81 22.23 1.15 <0.005 24.56 2.50 <0.02
Volume percent of epithelial cells
Nucleus 17.5 0.7 10.2 1.3 <0.01 10.3 1.4 <0.01
Cytoplasm 55.3 1.2 57.9 0.8 <0.2 58.9 1.1 <0.2
Footprocesses 27.2 0.9 31.9 1.7 <0.1 30.8 1.5 <0.2
Volume percent of endothelial cells
Nucleus 43.2 1.4 35.2 1.8 <0.025 36.4 2.3 <0.1
Cytoplasm 49.6 1.4 56.1 1.6 <0.05 56.1 2.1 <0.1
Laminafenestrata 7.2 0.5 8.7 0.6 <0.2 7.5 0.7 <0.8
Volume percent of mesangial cells
Nucleus 36.5 1.2 23.4 2.4 <0.01 22.4 2.8 <0.01
Cytoplasm 63.5 1.2 76.6 2.4 <0.01 77.6 2.8 <0.01
Values represent the means SEM. Abbreviations are defined in Table 2.
b Statistically significant difference from value in young animals
Table 6. Mean cell volumes of epithelial cells in young, adult, and mononephrectomized ratsa
Young Adult Mononephrectomized
Volumepercentofepithelialcells" 25.22 0.52 22.98 0.67 21.34 0.10
N(n)AC'
0.042-pmthick 1.27 0.14 0.507 0.035 0.458 0.054
0.58-pm thick 1.288 0.056 0.492 0.026 0.449 0.026
2.48-/tm thick 1.597 0.061 0.614 0.032 0.544 0.029
5.02-jzmthick 1.984 0.081 0.745 0.039 0.700 0.035
Meancellvolume,/uit' 639 12 1767 113 1758 99
— 2p, pm 7.67 0.04 8.17 0.50 7.20 0.33
Mean nuclear diameter (D,), pm 8.03 0.04 8.88 0.54 7.98 0.37
p, pm 0.2 0.4 0.4
Mean cell volume", pm3
SC 672 48 1863 142 2002 147
MC 637 30 1664 101 1608 128
JM 606 35 1787 101 1697 31
a Values represent the means SEM.
These figures, derived from electron microscopic data shown in Tables 5 and 10, indicate the volume percent of this cell population
within the whole glomerular tuft, including its entrapped volume of Bowman's space.
Number of nuclear profiles per 100 pm2 cell cross-sectional area
d Abbreviations are defined in Table 2.
dard errors show the variation among animals.
Again, because no statistically significant dif-
ferences were found among the mean cell volumes
in the cortical layers, we combined the regional re-
sults, using zonal weighting factors to obtain the av-
erage cell volumes. The standard errors of these re-
suits are suitable for testing the differences of mean
cell volumes among the three experimental groups.
The values shown in Table 9 are also slightly larger
than those in Tables 6 to 8 because each result has
been further corrected for the 2 to 3% systematic
bias characteristic of the nuclear counting proce-
dure [17].
The growth factors in Table 9 show that the re-
sultant hypertrophy of cellular volumes occurring in
normal renal growth and in renal growth acceler-
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Table 7. Mean cell volumes of endothelial cells in young, adult, and mononephrectomized animalsa
Young Adult Mononephrectomized
Volume percent of endothelial cellsb 11.70 0.60 9.31 0.25 8.58 0.30
N(n)A(c)c
0.042-cm thick 3.45 0.20 2.60 0.08 2.92 0.13
0.58-nm thick 3.15 0.24 2.47 0.22 2.73 0.18
2.48-sm thick 4.20 0.30 3.58 0.23 3.51 0.23
5.02-pm thick 5.34 0.29 4.76 0.33 4.49 0.22
Mean cell volume, pin3 207 11 195 13 252 5
D — 2p,pin 6.05 0.22 4.32 0.22 6.30 0.03
Mean nuclear diameter (),
.un 7.06 0.26 5.00 0.25 7.27 0.03
p, pin 0.5 0.4 0.5
Mean cell volume",
SC 214 15 200 9 244 17
MC 218 14 193 15 261 19
JM 187 5 194 13 247 18
Values represent the means SEM.
b.c. d See footnotes to Table 6.
Table 8. Mean cell volumes of mesangial cells in young, adult, and mononephrectomized animalsa
Young Adult Mononephrectomized
Volume percent of mesangial cells" 13.44 0.30 11.36 0.33 11.61 0.40
N(n)A(C)'
0.042-tm thick 3.91 0.26 2.88 0.28 2.28 0.13
0.58-,.m thick 3.98 0.17 2.90 0.22 2.34 0.16
2.48-sm thick 4.79 0.22 3.63 0.27 2.76 0.18
5.02-pm thick 5.99 0.24 4.38 0.30 3.47 0.20
Mean cell volume, pin3 221 5 303 23 390 23
D — 2p,pin
-
8.18 0.07 8.24 0.74 8.41 0.43
Mean nucleardiameter(D), pm 8.56 0.07 8.65 0.78 8.79 0.45
p, pin 0.2 0.2 0.2
Mean cell volume", pm3
SC 220 16 284 21 394 12
MC 245 19 274 21 353 26
JM 202 16 357 29 428 30
Values represent the means SEM.
b.c. d See footnotes to Table 6.
ated by mononephrectomy was practically identical
in each region of the renal cortex. Multiplication of
each average cell volume by the corresponding vol-
ume fractions of cell components (Table 5) gives the
mean absolute volumes and hypertrophy of constit-
uent parts. In the epithelial cell population, cellular
hypertrophy was highly significant and equal during
physiologic and stressed maturation. In both cases,
hypertrophy of the cytoplasmic extensions forming
foot processes exceeded average cell growth. In
endothelial cells, on the other hand, hypertrophy
was absent during normal growth and modest but
significant in mononephrectomized animals; there
was no selective hypertrophy of the lamina fene-
strata portion of their cytoplasm. Explanation of the
misleading suggestion of endothelial cell hyper-
trophy during normal growth, based on a reduced
nuclear:cytoplasmic ratio (Table 5), is found in their
significantly smaller nuclear volume in normal adult
cells, also independently demonstrated by a signifi-
cantly smaller nuclear diameter (Table 7). In com-
parison with both epithelial and endothelial cells,
the mesangial cell population showed consistent
significant hypertrophy but at an intermediate level
that was greater in the mononephrectomized group
of animals.
In contrast to the demonstrated homogeneity of
relative volume characteristics and absolute cell
volume measurements in glomeruli from different
cortical regions, Table 10 shows the marked region-
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Fig. 1. Graphs illustrating the linear increase in the areal density of cell nuclear profiles vs. sect ion thickness. Mean cell volumes are
given by the slopes of the computed regression lines, negative values of approximate mean nuclear diameters by their intercepts with the
section thickness axis. The total numbers of nuclear profiles counted as a basis for each graph are indicated by the fraction: light
microscopy/electron microscopy.
al heterogeneity of renal corpuscle volumes. These
values were derived from the estimated mean diam-
eters of corpuscles in each animal, determined by
applying a Wicksell transformation [1] to a random
sampling of their profile diameters and assuming a
spherical shape for the renal corpuscle (V =
6(D)). Accelerated growth of corpuscle volume as
a result of mononephrectomy was sevenfold to
eightfold in each cortical region, nearly 50% greater
than the fourfold to fivefold normal growth
achieved in the same 35-day period. Despite the
more than twofold difference in mean corpuscle vol-
ume between inner and outer cortical layers in each
group of animals, the volume percent of major com-
ponents in the corpuscles showed little regional var-
iation other than a slight but consistently greater
relative volume of Bowman's space, and lesser rela-
tive glomerular volume, in the midcortical regions.
A greater increase in the ratio of Bowman's space
to glomerular volume occurred in each region with
maturation of both sham-operated and mono-
nephrectomized animals. The most nearly constant
5
4
3
2
2
—4
—5
—6
—7
—8
—9
3456
3724/103. 3189/30
3456
6745/77 8118/77
Mesangial cells
56
Nuclei/lOU pm2 cell area
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Table 9. Mean absolute volumes of glomerular cells and cellular componentsa
You
p.m3
ng Adult
p.in Growthb
Mononephrectomized
pin3 Growthb
Epithelial cells
SC 703 73 2054 296C 2.92 2067 lOle 2.94
MC 660 35 1730 91e 2.62 1746 285C 2.65
JM 669 124 1859 l44e 2.78 1930 202C 2.88
Average 672 36 1828 88C 2.72 1849 173C 2.75
Nucleus 118 8 186 26 1.58 190 32 1.61
Cytoplasm 372 21 1058 53e 2.84 1089 104C 2.93
Foot processes 183 12 583 42C 3.19 569 60C 3.11
Endothelial cells
SC 223 24 204 11 0.91 249 20 1.12
MC 222 20 198 10 0.89 265 22 1.19
JM 195 6 206 27 1.06 251 I1C 1.29
Average 217 9 201 8 0.93 259 l0' 1.19
Nucleus 94 5 71 5C 0.76 94 7 1.00
Cytoplasm 108 5 113 6 1.05 145 8c,d 1.34
Laminafenestrata 16 1 17 1 1.06 19 2 1.19
Mesangial cells
SC 233 22 294 32 1.26 392 61 1.68
MC 251 15 281 28 1.12 373 49 1.49
JM 210 18 385 39C 1.83 455 56c 2.17
Average 239 11 306 19C 1.28 395 33C 1.65
Nucleus 87 5 72 9 0.83 88 13C 1.01
Cytoplasm 152 8 234 16C 1.54 307 28C 2.02
a Values represent the means SEM. Abbreviations are defined in Table 2.
b Growth factors represent increases, that is, hypertrophy, in comparison with values in young rats.
Statistically significantly different (P < 0.05) from young rats.
d Statistically significantly different (P < 0.05) from sham-operated adult rats.
corpuscular volume fraction was that of the Bow-
man's space entrapped within the glomerular tuft.
These values, measured from electron micrographs
and averaging 13.9 0.3%, are significantly greater
than equivalent estimations performed by light mi-
croscopy. The latter ranged from 2.1 to 5.7%(aver-
age, 4.1 0.4%). The mean volumes of Bowman's
space and glomerulus were obtained in each region
and in each animal group by multiplying their re-
spective volume fractions by the corresponding
mean corpuscle volume. Average values were cal-
culated by using zonal corpuscular volumes as the
appropriate weighting factors. Parallel magnitudes
of both normal and accelerated growth were evident
throughout the renal cortex with, however, a small-
er percentage of corpuscular growth attributable to
enlargement of glomerular structures than to expan-
sion of Bowman's space.
The mean glomerular volumes (Table 10) were
combined with the relative morphometric measure-
ments derived electron microscopically (Tables 2 to
4) to obtain the mean absolute amounts and growth
of glomerular components (Table 11). As expected
from the generally consistent composition of gb-
merular structure, the volumes of major com-
ponents, the areas of basement membrane, and the
lengths of capillary loops were increased in each
cortical region approximately in proportion to the
overall glomerular enlargement accompanying nor-
mal and induced growth. Similarly, an approximate
twofold variation in each of these parameters was
found between glomeruli in the subcapsular and
juxtamedullary regions of the cortex, with inter-
mediate values characteristic of the midcortical
glomeruli. The principal disproportionate growth
increments in glomerular maturation were found in
the expansions of the capillary lumen and mesangial
matrix compartments, both greater than average
and both more evident after mononephrectomy
than in normal development. The absolute numbers
of glomerular cells were derived by dividing their
total volumes per glomerulus by their respective
cell volumes (Table 9). For these results in particu-
lar, the figures in the growth columns of Table 11
indicate directly the amounts of cellular hype rplasia
that had occurred in 35 days of growth. During nor-
mal growth, epithelial cell hyperplasia was not con-
sistently above the level of statistical significance.
Endothelial cell and mesangial cell hyperplasia,
however, were highly significant at threefold to
fourfold and twofold to threefold, respectively. Fol-
lowing mononephrectomy, hyperplasia was signifi-
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Table 10. Absolute volumes of renal corpuscles, Bowman's space, and glomeruli
Young Adult GrowtW' Mononephrectomized Growthb
Renal corpuscle
Diameter, jun
SCC 72.54 1.97 118.40 1.19 1.63 143.33 3.13 1.98
MC 78.73 0.29 136.45 0.57 1.73 149.02 1.05 1.89
JW 93.20 1.20 153.79 1.16 1.65 184.29 5.83 1,98
Volume, IO p.m3
SC 201 17 870 26 4.32 1548 104 7.70
MC 256 3 1330 17 5.20 1733 36 6.77
JM 425 16 1905 43 4.49 3307 321 7.79
Volume percent
Bowman's space
Outside glomerular tuft
SC 28.3 2.6 36.4 0.6 1.28 34.6 1.2 1.22
MC 32.3 2.6 40.3 0.8 1.25 42.2 0.5 1.31
JM 27.0 1.1 35.1 1.0 1.30 37.6 1.1 1.39
Average 30.34 1.62 38.43 0.53 1.27 39.90 0.44 1.32
Inside glomerular tuft
SC 14.3 0.7 13.8 0.3 0.96 13.5 0.4 0.94
MC 13.2 0.4 14.2 0.3 1.08 13.5 0.3 1.02
JM 15.8 0.7 15.2 0.3 0.96 13.4 0.3 0.85
Average 13.96 0.31 14.33 0.20 1.03 13.48 0.21 0.97
Glomerulus
SC 57.4 2.2 49.9 1.0 0.87 51.9 1.4 0.91
MC 54.5 1.4 45.4 1.0 0.83 44.3 1.1 0.81
JM 57.2 1.8 49.7 0.8 0.87 49.0 1.2 0.86
Average 55.70 1.02 47.22 0.64 0.85 46.63 0.76 0.84
Mean volume per corpuscle, 1O pin3
Bowman's space
SC 86 8 436 16 5.07 745 55 8.66
MC 116 4 726 16 6.26 965 28 8.32
JM 182 10 958 26 5.26 1687 169 9.27
Glomerulus
SC 115 11 434 16 3.76 804 58 6.96
MC 140 4 604 15 4.31 768 25 5.49
JM 243 12 947 26 3.90 1620 162 6.67
Values represent the means SEM. Abbreviations are defined in Table 2.
Factor represents the resultant enlargement or change in comparison with values in young rats. All factors greater than 1.24 or less
than 0.9 correspond to statistically significant differences.
Values were measured previously [1] and corrected here for compression artifact using Equation 6.
cant (twofold) among epithelial cells but not signifi-
cantly augmented in the two other populations.
The numerical distribution of renal corpuscles
comprising each of the three regional categories in
the whole renal cortex was determined by dividing
the regional counts of corpuscle profiles per unit
area of the whole cortex, shown in Table 12, by
their respective mean corpuscle diameters, given in
Table 10. Decreasing corpuscle densities during
normal growth and their greater decreases after
mononephrectomy, even in comparison with adult
control animals, were all statistically highly signifi-
cant. Percentage distributions of the numbers of
renal corpuscles in each class, however, showed no
significant changes. Zonal corpuscular volumes
(corpuscular number times mean corpuscular vol-
ume in each region) were used as weighting factors
to consolidate the morphometric properties of renal
corpuscles measured in each region of the cortex
into the tabulation of characteristics representative
of the average renal corpuscle listed in Table 13.
The numbers in Table 13 are descriptive of the
average renal corpuscle in the young rat and of the
changes it undergoes in normal developmental
growth and in compensatory growth after removal
of the contralateral kidney at the same age. These
are the morphometric results that would have been
obtained from a wholly random cortical sampling of
the rats studied and, therefore, relate most nearly to
physiologic parameters measured in the intact kid-
ney.
Discussion
Previous quantitative studies of the mammalian
kidney partially describe the volumes and surface
areas of glomerular structures [1, 18—23]. Our re-
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Table 11. Absolute amounts and growth of glomerular componentsa
Young Adult Growthb Mononephrectomized Growthb
a Values represent the means SEM. Abbreviations are defined in Table 2.
b All growth factors greater than 1.28 correspond to statistically significant changes in comparison with values in young animals.
suits confirm and supersede the earlier light micro-
scopic investigation of normal postnatal growth and
compensatory hypertrophy among the hetero-
geneous population of renal corpuscles in the rat
III].
With a morphometric approach that uses the res-
olution of electron microscopy and with new cor-
rection factors for the effects of section thickness,
we determined the relative volumes of cellular and
noncellular glomerular components, basement
membrane surface areas, and capillary lengths.
Special stereologic techniques, using the larger
sampling areas and wider range of section thickness
available in light microscopy, enabled us to mea-
sure the mean absolute volumes of renal corpuscles
in the subcapsular, midcortical, and juxtamedullary
regions of the cortex [1] and the mean absolute vol-
umes of epithelial, endothelial, and mesangial cells
[12]. Such a combined approach [8, 11] produced
absolute measurements of glomerular component
volumes, areas, lengths, and cell numbers. All re-
sults have been fully compensated for the effects of
section compression during microtomy [7, 8]. Thus,
absolute parameters refer to the quantitative prop-
Volume per glomerulus, 1O un3
Epithelial cells
SC 38.0 3.8 120.6 6.1 3.17 227.5 18.6 5.99
MC 43.1 2.3 200.2 15.7 4.65 202.4 12.0 4.70
JM 75.4 5.3 269.8 13.0 3.58 441.3 45.2 5.85
Endothelial cells
sc 17.9 2.0 50.6 2.7 2.83 80.7 8.5 4.51
MC 20.0 1.3 71.4 5.7 3.57 99.5 6.4 4.98
JM 34.5 1.9 121.2 11.0 3.51 161.2 18.0 4.67
Mesangial cells
sc 18.0 1.8 65.0 6.1 3.61 121.0 12.0 6.72
MC 26.3 1.0 82.5 5.4 3.14 110.0 10.0 4.18
JM 39.5 2.7 148.2 18.6 3.75 245.8 26.6 6.22
Mesangial matrix
SC 3.2 0.6 17.6 2.3 5.50 45.6 8.7 14.25
MC 4.2 0.4 23.9 4.2 5.69 38.2 4.2 9.10
JM 7.4 1.1 36.7 4.4 4.96 93.3 19.1 12.61
Capillary lumen
SC 31.4 3.4 158.1 6.8 5.04 297.6 22.8 9.48
MC 38.2 1.5 196.7 12.8 5.15 277.9 13.3 7.27
JM 72.1 4.3 327.1 15.1 4.54 613.5 62.2 8.51
Basement membrane
SC 6.6 0.7 22.2 2.7 3.36 31.6 4.1 4.79
MC 8.1 0.4 29.4 1.0 3.63 39.9 3.0 4.93
JM 14.2 1.5 43.9 7.6 3.09 65.0 8.8 4.58
Basement membrane area per glomerulus, IO .un2
SC 44.6 4.9 144.1 5.7 3.23 232.4 28.9 5.21
MC 49.6 2.8 175.2 7.4 3.53 222.0 17.7 4.48
JM 83.1 5.5 295.5 18.0 3.56 445.5 50.2 5.36
Capillary length per glomerulus, mm
SC 2.65 0.27 5.86 0.45 2.21 11.00 1.39 4.15
MC 2.63 0.21 9.58 0.52 3.64 13.04 1.85 4.96
JM 4.82 0.33 14.92 0.93 3.10 19.99 2.96 4.15
Number per glomerulus
Epithelial cells
SC 54 8 59 9 1.09 110 11 2.04
MC 65 5 116 Ii 1.78 116 20 1.78
JM 113 23 145 13 1.28 229 34 2.03
Endothelial cells
SC 80 13 248 19 3.10 324 43 4.05
MC 90 10 361 34 4.01 375 40 4.17
JM 177 II 588 95 3.32 642 77 3.63
Mesangial cells
SC 77 11 221 32 2.87 309 58 4.01
MC 105 7 294 35 2.80 295 48 2.81
JM 188 21 385 63 2.05 540 90 2.87
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Table 12. Cortical distribution of regionally designated renal corpusclesa
Young Adult P5 Mononephrectomized '
Profiles in whole cortex, per mm2
SC 3.53 0.56 1.42 0.19 <0.025 0.61 0.08 <0.005
MC 7.42 0.61 3.07 0.34 <0.005 2.03 0.14 <0.0001
JM 1.72 0.24 0.85 0.09 <0.05 0.47 0.09 <0.01
Total 12.66 1.05 5.34 0.55 <0.005 3.10 0.14 <0.0001
Corpuscles in whole cortex,per mm3
SC 48.7 7.8 12.0 1.6 <0.01 4.26 0.57 <0.005
MC 94.2 7.8 22.5 2.5 <0.0001 13.62 0.94 <0.0001
JM 18.5 2.6 5.5 0.6 <0.01 2.55 0.50 <0.005
Total 161.4 11.3 40.0 3.0 <0.0001 20.43 1.21 <0.0001
Percent distribution of renal corpuscles
SC 30.2 5.3 30.0 4.6 <0.99 20.9 3.1 <0.3
MC 58.4 6.4 56.3 7.6 <0.9 66.7 6.1 <0.5
JM 11.5 1.8 13.8 1.8 <0.5 12.5 2.6 <0.8
a Values represent the means SEM. Abbreviations are defined in Table 2.
Indicates level of statistically significant difference from value in young rats.
Table 13. Characteristics of the average renal corpuscle5
Young Adult Growth5 Mononephrectomized Growthb
Diameter, Fun 78.52 0.63 133.42 0.51 1.70 152.2 1.2 1.94
Volume, 10 jun3 258.8 5.9 1271 14 4.91 1891 51 7.31
Bowman's space 114.6 3.7 671 II 5.86 1009 31 8.80
Outside glomerulartuft 78.5 4.6 488 9 6.22 755 22 9.62
Inside glomerular tuft 36.1 1.2 182 3 5.04 255 8 7.06
Glomerulus 144.2 4.2 600 10 4.16 882 28 6.12
Epithelialcells 45.2 1.8 186 9 4.12 238 10 5.27
Endothelialcells 21.0 1.0 72 4 3.43 103 5 4.90
Mesangial cells 25.3 0.9 86 4 3.40 129 8 5.10
Mesangial matrix 4.2 0.3 24 3 5.71 47 4 11.19
Capillarylumen 40.0 1.4 203 8 5.08 324 12 8.10
Basement membrane 8.4 0.4 29 1 3.45 41 2 4.88
Surface areaof basement membrane, 102 p.m2 51.9 2.2 182.4 5.2 3.51 252.3 14.7 4.86
Lengthof capillaries, mm 2.89 0.15 9.20 0.34 3.18 13.49 1.33 4.67
Transverse areaofcapillary lumen, p.m2 14.0 0.8 22.2 1.2 1.59 24.6 2.5 1.76
Number of
Epithelial cells 67.3 4.5 102 7 1.52 129 13 1.92
Endothelial cells 96.8 6.1 358 25 3.70 398 25 4.11
Mesangial cells 105.9 6.2 281 22 2.65 327 34 3.09
Values represent the means SEM.
All growth factors correspond to statistically significant changes in comparison with values in young rats.
erties of plastic-embedded tissues, all of which were
initially fixed by vascular perfusion [1].
The morphometric comparison of renal cor-
puscles and glomeruli in different layers of the cor-
tex demonstrated a remarkable degree of structural
homogeneity. The relative volumes of all sub-
components showed no consistent statistically sig-
nificant variation (Tables 2 to 4) in renal corpuscles
differing more than twofold in their absolute size
(Table 10). Similarly, the surface densities of base-
ment membrane and the length densities of capillary
loops (Tables 2 to 4) and the mean cell volumes of
epithelial, endothelial, and mesangial cells (Table 9)
were constant in all regions of the cortex. Such re-
gional homogeneity was present in each of the three
groups of young, adult, and mononephrectomized
rats studied. Thus, the significant changes in struc-
tural composition that resulted as an effect of
growth in sham-operated and mononephrectomized
rats (Tables 5 and 10) were each essentially parallel
throughout the renal cortex. In addition, the
amounts of cellular hypertrophy, distinctly different
for each cell type, were equal across the cortex dur-
ing either physiologic or stressed maturation (Table
9).
From this evidence of regional homogeneities, it
follows that the regional differences in mean cor-
puscle volume lead to nearly parallel heterogeneity
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(Tables 10 and 11) of all absolute component vol-
umes, basement membrane surface areas, capillary
lengths, and cell numbers, each enlarging with pen-
etration toward the deeper layers of the cortex. In
young rats and normal adult rats, the mean diame-
ters of renal corpuscles increased linearly, approxi-
mately 1.29-fold, from the subcapsular to the jux-
tamedullary zone. Because all other measured pa-
rameters varied in proportion to corpuscular
volume, that is, in proportion to the cube of the di-
ameter, the increment in absolute properties was
generally found to be greater between the mid-
cortical and juxtamedullary regions than it was be-
tween the subcapsular and mid-cortical regions.
The form of this transcortical gradient was signifi-
cantly altered in the group of mononephrectomized
rats where the distinction between the size of sub-
capsular and midcortical corpuscles was largely di-
minished by a relatively greater growth rate in the
superficial region. As would be expected, the gradi-
ent of single nephron glomerular filtration rate
(SNGFR) within the cortex, as measured by dif-
ferent techniques in young [24], normal adult [13,
14], and hypertrophic [25] kidneys, paralleled the
quantitative morphologic variation in glomerular
volumes. SNGFR in juxtamedullary glomeruli is a!-
ways higher than that observed in superficial neph-
rons [13, 14], and their normal ratio is not changed
by hypertrophy after mononephrectomy performed
in either young or adult rats [25].
It has long been thought, because of an absence
of mitotic figures [26, 27], that the increase of cellu-
lar components during both normal and com-
pensatory hypertrophic growth of glomeruli occurs
without cellular multiplication. Previous results
from our laboratory, however, have demonstrated
that both cellular hyperplasia and cellular hyper-
trophy are implicated in these growth processes [I].
The absolute numerical basis for this conclusion
provided in the present study (Tables 9 and 11)
shows that the three cell populations in the gb-
merular tuft possess different growth patterns in
normal development and different adaptive re-
sponses in compensatory renal hypertrophy.
Growth of the epithelial cell component in gb-
meruli was achieved predominantly by a 2.7-fold cel-
lular hypertrophy. The relatively greater volume hy-
pertrophy of foot processes (3.2-fold) having a near-
ly constant thickness implies an increase of their
surface area proportional to the 3.5-fold expansion
of the peripheral glomerular basement membrane
surface. Such a parallel adaptation of both foot pro-
cesses and basement membrane may occur in order
to maintain the physiologic properties of the gb-
merular filter. The same end was attained following
mononephrectomy by the further addition of signifi-
cant epithelial cell hyperplasia. There is still con-
troversy regarding the functional role of epithelial
cells in normal and hypertrophied glomeruli. The
epithelium has been considered to be, at least in
part, involved in the synthesis of the basement
membrane [28—31], although definitive evidence is
still lacking [32]. The relative contributions of the
podocyte plasmalemma [33, 34] and of the slit dia-
phragms [35] directly connecting the plasma mem-
branes of adjacent foot processes are not complete-
by known with respect to their roles in regulating the
permeability of water and solute molecules [36, 37].
The epithelial layer may indirectly modulate the
passage of plasma proteins across the basement
membrane by affecting water flux [38] and may
function as a monitor by reabsorbing proteins that
leak through the gbomerular filter [36, 39].
Endothelial cells outnumbered the epithelial cells
in all gbomeruli and responded to enhanced func-
tional demand primarily by a 3.9-fold cellular prolif-
eration. Hyperplasia was also associated with a
19% cellular hypertrophy in mononephrectomized
rats. The significant properties of the endothelium,
in constituting the proximal layer of the gbomerular
filter, are related to the density of fixed negative
charges within the lamina rara interna and endo-
thelial fenestrae [40, 41]. Endothelial cells, by them-
selves, seem to have little effect on glomerular per-
meability except in perhaps contributing material to
the inner layer of the basement membrane [34].
Normal growth of mesangial cells included both
hypertrophy (1.3-fold) and hyperplasia (2.7-fold).
After unilateral nephrectomy, this population re-
sponded with greater increments of hypertrophy
(1.7-fold) and hyperplasia (3.1-fold). These cellular
changes were accompanied by even larger increases
in the volume of the mesangial matrix compartment
(5.7-fold during physiologic growth, 11.2-fold dur-
ing induced growth). This disproportionate re-
sponse may indicate an early phase of changes lead-
ing to the focal glomerular sclerosis found in rats
[42, 43]. The expansion of the mesangial region oc-
curred in such a way that the distribution of base-
ment membrane surface into axial (37%) and pe-
ripheral (63%) portions remained practically con-
stant in all gbomeruli. Apart from a purely
supportive role [44], the mesangium is involved in
the cleaning of the glomerular filter by displacement
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of filtration residues [36, 45]. The mesangial area is
also in direct anatomical continuity with the jux-
taglomerular apparatus [46, 47], and it may partici-
pate in the regulation of blood flow through the gb-
merulus [46, 48]. An increased blood flow to the
kidney and to the individual nephrons has been
demonstrated during normal [49, 50] and hyper-
trophic [51] growth. The greater blood flow per gb-
merulus may be responsible for some of the struc-
tural changes in the capillary tuft. The capillary net-
work enlarged its luminal volume per glomerulus
5.1- and 8.1-fold, with increases in total length 3.2-
and 4.7-fold, in adult and mononephrectomized ani-
mals, respectively.
The basement membrane, which represents the
primary glomerular filter [39], enlarged proportion-
ately in both volume and surface area during physi-
ologic growth (3.5-fold) and during induced (4.9-
fold) growth of the glomeruli. The measured surface
area of basement membrane per unit volume of gb-
merulus in the adult rat (Table 5) is in reasonable
agreement with previous morphometric determina-
tions [21, 22]. The rate of glomerular filtration is
governed by the imbalance between transcapillary
hydraulic and colloid osmotic pressures and the ul-
trafiltration coefficient, K1, that expresses the phys-
ical characteristics of the filtration membrane [52].
K1, which is determined from the measured
SNGFR, is equal to the product of the local capil-
lary hydraulic permeability and the area of the cap-
illary filtering surface [53]. A value of 0.19 mm2 [54]
is commonly used as an estimate of the filtering sur-
face in order to compute the permeability from K1
[52, 53]. This value is nearly identical to the mea-
surement of the total basement membrane surface
in the average glomerulus of the adult rat, 0.18mm2,
obtained in the present study. It is also shown, how-
ever, that significant variation exists among the dif-
ferent populations of glomeruli (Table 11), with val-
ues ranging from 0.14 mm2 to 0.30 mm2 in the sub-
capsular and juxtamedullary renal corpuscles,
respectively.
It has been shown that overall GFR rises as a
function of kidney weight and in proportion to mea-
surements of SNGFR [24]. The greater SNGFR ob-
served in postnatal growth is associated with a
larger blood flow to the individual nephrons and an
increase of the ultrafiltration coefficient, K1 [50].
According to the measurements in the present
study, most of this change in the value of K1 can be
attributed to expansion of the filtration surface area
during normal development. The greater increase in
basement membrane area among rats mono-
nephrectomized at a young age should result in a
further increase of K1. After mononephrectomy in
adult animals, however, an increase in the SNGFR
seems to occur principally by the mechanism of a
higher transcapillary pressure gradient without a
change in the ultrafiltration coefficient [51].
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